Chemokines help control normal leukocyte trafficking as well as their infiltration into tissues during acute and chronic inflammation. Matrix metalloproteinases (MMPs) help support the extravasation and infiltration of leukocytes through limited proteolysis of basement membranes and matrix material. The effect of the chemokines RANTES/CCL5, MCP-1/CCL
and SDF-1/CXCL12 on secretion of the matrix metalloproteinase B and its endogenous inhibitor TIMP-1 was studied. RANTES/CCL5 and SDF-1/CXCL12 were found to induce MMP-9 secretion in primary human monocytes while TIMP-1 secretion was not affected. RANTES/CCL5 effects were mediated through CCR1 because the CCR1 antagonist BX471 was found to effectively block RANTES/CCL5-induced MMP-9 secretion. Key words: BX471 / CCR1 / CXCR4 / MMP-9 / RANTES / TIMP-1.
Chemokines are a large family of chemotactic cytokines that control diverse biological actions including cellular trafficking, hematopoiesis and angiogenesis . Select chemokines control acute and chronic inflammatory processes such as those found in rheumatoid arthritis (DeVries et al., 1999) , allograft transplant rejection (Grone et al., 1999; Horuk et al., 2001; Nelson and Krensky, 2001 ) and multiple sclerosis (Ransohoff, 1999) . In addition, chemokines and their receptors have been implicated in tumor growth and metastasis (Muller et al., 2001) .
The matrix metalloproteinases (MMPs) play critical roles in health and disease and are represented by at least 20 extracellular matrix degrading metallo endopetidases (Nagase, 1997; Nagase and Woessner, 1999) .
stimulation of CD34
+ cells has recently been described (Janowska-Wieczorek et al., 2000) .
The natural inhibitor for MMP-9 is TIMP-1 (Nagase and Woessner, 1999) . Analysis of conditioned medium using a TIMP-1-specific ELISA (Amersham Pharmacia, Freiburg, Germany) showed no significant effect on TIMP-1 secretion following chemokine stimulation (Figure 3B) . FACS analysis of the monocytes also showed no increase in surface expression of TIMP-1 following Flow cytometric analysis was performed as described (Mack et al., 2000; Weber et al., 2001) . Freshly isolated monocytes were stained with antibodies directed against a series of chemokine receptors, MMP-9 and TIMP-1. cused on chemokines/chemokine receptors that control normal monocyte trafficking -independent of inflammation. The second focused on chemokines and receptors linked to monocyte infiltration during acute and chronic inflammatory processes.
Freshly isolated peripheral blood monocytes were first characterized for chemokine receptor, gelatinase B (MMP-9), and TIMP-1 expression. The cells were then stimulated with various concentrations of appropriate chemokine ligands. Consistent with earlier reports, freshly isolated human peripheral blood monocytes were found to express the chemokine receptors CCR1, CCR2 and CXCR4 as assessed by fluorescence-assisted cell sorting (FACS; Figure 1A , C and D) and PCR analysis (Mack et al., 2000; Weber et al., 2001) . CCR1 and CCR2 are proinflammatory chemokine receptors, while the receptor CXCR4 is involved in leukocyte homeostasis ). The receptor CCR5 was found to be upregulated on the monocytes but only after incubation/activation on plastic for 24 hours (data not shown). The primary monocytes also strongly expressed MMP-9 and TIMP-1 on their surface ( Figure 1E and F).
The monocytes (200 000 cells/well) were treated with increasing concentrations of chemokines that target the various chemokine receptors: RANTES/CCL5; CCR1, MCP-1/CCL2; CCR2, and SDF-1/CXCL12; CXCR4. The resultant conditioned culture medium was analyzed by gelatin-zymography ( Figure 2 ). Stimulation with TNF-α (10 ng/ml) served as a positive control for induced MMP production (Zhang et al., 1998) . Analysis revealed that the chemokines RANTES/CCL5 and SDF-1/CXCL12 both induced a release of pro-MMP-9 ( Figure 2) . A variable response was also seen with MCP-1. Maximum MMP-9 protein secretion was observed after 24 to 36 hours of chemokine incubation as tested over a range of 48 h (data not shown). No secretion of MMP-2 (gelatinase A) protein was seen.
To quantify the MMP-9 protein secreted into the culture medium, an MMP-9-specific substrate assay was employed. MMP-9 protein could be assessed by the substrate assay only after activation of the conditioned medium with p-aminophenyl mercuric acetate (APMA), demonstrating the secretion of pro-MMP-9 by the monocytes. Again, RANTES/CCL5 and SDF-1/CXCL12 were found to induce pro-MMP-9 production ( Figure 3A) . Stimulation with 200 ng/ml RANTES/CCL5 or SDF-1/CXCL12 represented the maximal level of stimulation seen and resulted in a 5-and 7-fold increased secretion of pro-MMP-9 protein, respectively ( Figure 3A) .
The MCP-1-induced expression of MMP-9 by monocytes has been previously described (Vos et al., 2000) . In the experiments detailed here, a slight increase of MMP-9 secretion was sometimes seen following MCP-1 stimulation. However, these results were not consistent. Essentially no increase in pro-MMP-9 secretion was seen in three separate experiments, an increase (up to 3.5-fold as determined by MMP-9 substrate assay) was found in two experiments. An increase of MMP-9 after SDF-1 (Corcoran et al., 1995) and MMP-3 (Shapiro et al., 1990) . Analysis of conditioned medium by MMP-1 or MMP-3 Biotrak ELISA (Amersham Pharmacia) could not demonstrate RANTES-induced secretion of MMP-1 nor of MMP-3 in the primary monocytes (data not shown). However, 'activated' (24 hours on plastic) monocytes did show low levels of MMP-3 by ELISA (data not shown). This is in contrast to recently published findings (Borzi et al., 2000) describing RANTES/CCL5-induced secretion of MMP-3 at a level above 1000 ng/ml in normal and osteoarthritic chondrocytes.
Primary monocytes can in theory bind RANTES/CCL5 through at least two chemokine receptors, CCR1 and CCR5 . Freshly isolated monocytes do not express CCR3, an additional RANTES/CCL5 receptor, as assessed by FACS analysis and RT-PCR ) but do strongly express CCR1 (Figure 1 ). CCR5 is not expressed by freshly isolatChemokine-Induced MMP-9 Secretion in Primary Monocytes 1407 Fig. 2 Chemokine-Induced Secretion of proMMP-9 in Primary Monocytes. Gelatin-zymogram of RANTES/CCL5-induced secretion of pro-MMP-9. Monocytes were isolated from EDTA-blood of healthy volunteers as described ) and cultured in Macrophage SFM (Gibco-BRL Life Technologies, Karlsruhe, Germany) at a density of 1.5 -2.0 × 10 6 cells/ml in 96-well plates (Costar Corning, Cambridge MA, USA). Cells were stimulated as shown with RANTES/CCL5, MCP-1/CCL2, SDF-1/CXCL12 or TNF-α (all from TEBU, Frankfurt, Germany) for 24 h. Conditioned media were stored at -20 °C. The concentrations of chemokines used (between 10 and 200 ng/ml) represent the general range of protein concentrations used to establish optimal chemotactic parameters for chemokine induced migration of primary monocytes (Horuk and Ng, 2000; Weber et al., 2001) . The media supernatants from monocytes were mixed with 2 × loading buffer (Invitrogen, Groningen, Netherlands). Proteins were separated on a precast 10% Tris-glycine gel containing 0.1% gelatin (Invitrogen). Following electrophoreses, renaturing and developing was performed according to manufacturer's recommendation. Gel development was stopped after 3 to 5 hours of incubation at 37 °C. Equivalent results were obtained in three independent experiments. chemokine stimulation (data not shown). Analysis of MMP-9 mRNA expression after stimulation with RANTES/CCL5 by real time RT-PCR (TaqMan, Perkin Elmer-ABI, Weiterstadt, Germany) revealed a 2.4-fold increase in steady-state mRNA expression after stimulation with RANTES/CCL5, demonstrating control at the mRNA level (data not shown).
Macrophages have been reported to secrete MMP-1 ed monocytes (Figure 1 ), but is upregulated upon activation (Mack et al., 2000; Weber et al., 2001) . The chemokine receptor CCR1 has been identified as a potential therapeutic target for control of acute and chronic inflammation through a selective blockade of leukocyte recruitment (Grone et al., 1999; Horuk et al., 2001; Nelson and Krensky, 2001) . To demonstrate the role of CCR1 in the RANTES/CCL5-induced upregulation and secretion of MMP-9 by monocytes, a biologically active non-peptide antagonist (BX 471) directed against CCR1 was employed (Horuk et al., 2001) .
Following preincubation of monocytes with BX 471 (10 µM), the cells were stimulated with RANTES/CCL5 for 24 h. Secretion of pro-MMP-9 was assessed both by gelatinzymography ( Figure 4A ) and MMP-9 substrate assay (Figure 4B) . TNF-α (10 ng/ml) stimulation served as positive control. In comparison to vehicle control (DMSO), the CCR1 antagonist caused a significant reduction of MMP-9 release into the culture medium ( Figure 4A ). Release of TNF-α induced MMP-9 was not affected by BX 471 ( Figure 4A ). The essentially complete blockage of RANTES/CCL5-induced secretion of pro-MMP-9 by BX 471 clearly demonstrates the importance of CCR1 in mediating the RANTES/CCL5-induced secretion of MMP-9. The slight reduction in constitutive MMP-9 secretion seen in the absence of RANTES/CCL5 stimulation may be due to the low constitutive expression of RANTES/CCL5 seen in freshly isolated human monocytes (data not shown).
Analysis of the specialized roles of apparently redundant chemokine receptors has demonstrated the central importance of CCR1 in the direct recruitment of monocytes from the peripheral circulation . During inflammation chemokines such as RANTES/CCL5 may help induce the production of MMP-9 by infiltrating CCR1-expressing monocytes. Thus, a selective blockade of CCR1 may help control tissue damage in part, through suppression of MMP-9 production. To this end, CCR1 antagonists have been shown to dramatically reduce the tissue damage associated with allograft transplant rejection and multiple sclerosis (Grone et al., 1999;  1408 C.M. Klier et al. Freshly isolated monocytes were preincubated with BX 471 (10 µM) for 10 min followed by stimulation with increasing concentrations of RANTES/CCL5 (see Figure) or TNF-α (10 ng/ml) in Macrophage SFM at a density of 1.5 -2.0 × 10 6 cells/ml for 24 h. Conditioned medium was harvested and stored at -20 °C for further analysis. (A) Gelatine zymogram of conditioned medium. (B) Quantification of MMP-9 concentration by MMP-9 substrate assay. Results presented are the average of three determinations + the standard error of the mean. Results were confirmed in three independant experiments. Horuk and Ng, 2000; Horuk et al., 2001; Nelson and Krensky, 2001 ).
Tumor expression of RANTES/CCL5 has been linked to 'aggressiveness' of breast carcinoma (Luboshits et al., 1999) . Increased production of RANTES/CCL5 by the tumor correlates with a more advanced stage of the disease. Breast cancer staging has also been associated with increased mononuclear cell infiltration (UrdialesViedma et al., 1986) . Furthermore, it is recognized that MMP activity is involved in the control of tumor growth and metastasis (Stetler-Stevenson et al., 1993b; Nagase and Woessner, 1999) . Based upon the results presented here, one could speculate that RANTES-induced attraction and activation of monocytes may lead to MMP-9 mediated degradation of the extracellular matrix surrounding the tumor tissue, thereby promoting tumor proliferation, and potentially, tumor escape.
We have further shown that the homeostatic chemokine SDF-1/CXCL12, acting through CXCR4, can moderate MMP-9 production by primary monocytes, a mechanism that may be important to normal monocyte trafficking. Interestingly, a recent report has demonstrated the importance of CXCR4 expression by breast cancer cells in promoting tumor metastasis to bone marrow. If the metastatic tumor cell behaves in a manner analogous to that seen in monocytes, then SDF-1 may also directly induce MMP production by these cells, thus facilitating tumor cell egress and invasion of other SDF-1 expressing tissues.
The results presented here suggest that chemokine receptor blockade may limit tissue damage by suppressing MMP production, and may in addition help limit tumor progression.
